Although the importance of the endosperm as a food store in many angiosperm seeds is well known, its significance during early embryogenesis has been neglected. In many interspecific hybrids, and in some other situations, embryos do not develop fully and abort. It has often been stated that this is caused by the endosperm failing to conduct sufficient nutrients to the embryo, but seldom has it been suggested that the endosperm actively controls most of the early stages of morphogenesis of the embryo. Information gleaned from a broad survey of the literature, combined with additional evidence presented here, obtained from Solanum incanum and interspecific hybrids, indicate that the endosperm is dynamic and very active in regulating early embryo development. This requires highly integrated genetic control of rapidly changing metabolism in the endosperm. In interspecific hybrids, lack of coordination may cause unbalanced production of growth regulating substances by the endosperm and hence abortion of the embryo, or even unregulated production of nucleases and proteases resulting firstly in autolysis of the endosperm and then digestion of the embryo. The endosperm may thus serve to detect inappropriate hybridization of species or ploidy levels and so prevent waste of resources by producing seeds that would result in sterile hybrids or unthrifty subsequent generations. This discriminatory function of the endosperm has diminished during evolution and domestication of the crop plant Solanum melongena L.
INTRODUCTION
A popular misconception of the function of the endosperm is that it is merely a food store in albuminous seeds, replaced by food storage in the cotyledons of most exalbuminous (or non-endospermic) seeds. Because the embryo is the principal part of the seed, continuing the germ-line to the next generation, success of seed production is commonly attributed to successful development of the embryo from the zygote, and failure of seed production in interspecific crosses is commonly attributed to failure of embryogenesis due to incongruous parental genomes or similar causes. In all of this, the importance of the endosperm and its amazing discriminatory powers are generally neglected. The present paper attempts to demonstrate the importance of the endosperm by reference to previous studies now understood in the modern context of molecular biology and biochemical genetics, and by description and explanation of significant new observations on embryo and endosperm development in Solanum incanum and interspecific crosses.
BACKGROUND INFORMATION FROM PREVIOUS STUDIES

Normal progress of endosperm and embryo de elopment
An excellent and erudite treatise on the importance of the endosperm in seed development was provided by Brink and Cooper (1947) . They precisely surveyed all earlier observations and hypotheses. Of course they lacked knowledge and understanding of DNA and biochemical genetics, and information from electron microscopy was not yet available, but their account is remarkably perceptive, and their ' Somatoplastic Sterility Hypothesis ' has much merit. Since then relatively few advances have been made in our understanding of the transitory structures and functions of the endosperm. The female gametophyte is extremely reduced in flowering plants with only eight haploid nuclei normally (Maheshwari, 1950) and no food reserves. The male gametophyte is even more reduced, with only three nuclei, two of which are genetically identical male gametes. One gamete fertilizes the egg nucleus forming the diploid zygote which develops into the embryo. However, before this happens, the other gamete enters the central cell and unites with the fusing polar nuclei to form the triploid primary endosperm nucleus which develops into the endosperm, a tissue or organ constituted with two identical maternal genomes and one paternal genome. Anatomically, and also physiologically, the endosperm is interposed between the parental and filial sporophytes. Thus the embryo is within the endosperm within the integuments : the combinations of maternal and paternal genomes in this sequence are 1 : 1, 2 : 1, 2 : 0.
The endosperm plays a major role in the development and maintenance of a medium suitable for growth of the young embryo, providing food and other conditions essential for growth and differentiation from the zygote. However the endosperm often degenerates as seeds mature, except in the Gramineae and some other families where it has a secondary use as a massive food storage organ. The double fertilization process possibly endows the endosperm with hybrid vigour enabling it to compete successfully with the surrounding maternal tissues for food supplies for itself and the embryo it nurses (Brink and Cooper, 1947) . Besides food, the endosperm also supplies growth regulating substances to the embryo (Maheshwari and Rangaswamy, 1965) .
Endosperm develops in several ways (Brink and Cooper, 1947 ; Maheshwari, 1950) , but here we will consider only the cellular type exemplified by various Solanaceae such as Datura, Nicotiana and Solanum. The triploid primary endosperm nucleus undergoes normal mitotic nuclear and cell divisions to form a multicellular endosperm, but the DNA content of the nuclei may increase over 100-fold (Lopes and Larkins, 1993) . The peripheral cells near the chalazal pocket become densely cytoplasmic and act as absorbing cells. The chalazal pocket is formed from several cells of the integument, adjacent to the antipodal cells of the embryo sac, which lose their contents, even before fertilization. Subsequently, conducting tissue is differentiated between the end of the vascular bundle in the funiculus and the chalazal pocket. The endothelium, a single layer of cells, envelops the endosperm, except at the chalazal end.
Development of the endosperm precedes that of the embryo : in Nicotiana rustica L. the endosperm may produce 20 cells before the first division of the zygote, and 6 d after fertilization the endosperm may consist of hundreds of large vacuolate cells, whilst the embryo is merely a spherical mass of densely cytoplasmic cells (Brink and Cooper, 1947) .
Failure of endosperm and embryo following abnormal pollinations
Many accounts have suggested that failure of endosperm and embryo development in interspecific hybrids is mainly due to malnutrition. Brink and Cooper (1947) reported that in the cross Nicotiana rusticaiN. glutinosa, ovules begin to develop, but then abort. In the endosperm, nuclear and cell divisions are slower than normal, and the consequent cells are smaller with less vacuolate cytoplasm. In the funiculus, conducting tissue does not differentiate up to the chalazal pocket. However, the endothelium cells become hyperplastic, dividing excessively and proliferating, especially near the chalazal end of the endosperm. At the same time, the endosperm cells break down progressively towards the embryo, which initially shows signs of ' starvation ' and then degenerates within 6 d from fertilization.
In crosses between Solanum pinnatisectum Dun. and several other diploid potato species (e.g. S. chacoense Bitt.) (Lee and Cooper, 1958) slow early growth of the endosperm and the embryo was followed by disintegration of first the endosperm, and then the embryo before it even reached the globular stage. Hyperplasia of the endothelium was common. The authors concluded that collapse of the hybrid seed was due to starvation of the embryo as a result of early disintegration of the endosperm, and retardation of the endosperm was associated with an overgrowth of the endothelium. These observations are in accord with the Somatoplastic Sterility Hypothesis (Brink and Cooper, 1947) ; however, disintegration of the endosperm could equally well be due to autolysis, although the authors did not suggest this and only occasionally did they refer to loss of stainability of endosperm cell contents, as described in the present paper. Although Brink and Cooper (1947) often mentioned oversized or irregularly shaped nuclei or disorganized hybrid endosperm, they made little or no specific reference to pycnotic nuclei nor to subsequent autolysis of cell contents of firstly the endosperm and then the embryo, leaving ' ghost embryos ', but this has been shown clearly for interspecific crosses of Datura, though with little comment (Sachet, 1948 ; Rietsema and Satina, 1959, Fig. 64c) , and in the present paper for Solanum (Fig. 3) . Brink and Cooper (1947) pointed out that the first signs of breakdown in the endosperm appear in the region adjacent to the overstimulated maternal tissue. They suggested that endosperm hypofunction causes maldistribution of nutrients moving into the seed so that the endosperm (and thus the embryo) receives less, but that at the same time the integument receives more than its normal share. Due to this excessive food supply there is hypertrophy or overgrowth of these tissues, especially the endothelium, which then utilizes even more food leaving even less for the endosperm and embryo. This is the essence of the Somatoplastic Sterility Hypothesis (Brink and Cooper, 1947) .
Post-zygotic success or failure
Five distinct types of post-fertilization development have been recognized (Brink and Cooper, 1947) : (1) appropriate pollinations within one species generally result in normal development of both endosperm and embryo, and production of good seeds ; (2) abortion of ovules following endosperm and embryo death often ensues from wide crosses between divergent species such as considered in the present paper. Many cases have been thoroughly investigated and documented. These failures of seed production are easily explained in principle as being due to qualitatively diverse genomes that cannot cooperate within the same cells (Brink and Cooper, 1947 ) but a full biochemical explanation is still lacking ; (3) collapse of seeds during the early stages of development may also occur following self-pollination of usually outcrossing plants such as Medicago sati a L. (Leguminosae) as a self-incompatibility system ; (4) crosses between diploids and their own autotetraploids generally fail due to embryo abortion. This is well documented for both 4xi2x and 2xi4x matings of Datura stramonium L., and also of Lycopersicon pimpinellifolium (Jusl.) Miller, where slower endosperm development was followed by breakdown of both endosperm and embryo, accompanied by hypertrophy of the endothelium ; (5) more success is sometimes encountered in crosses between ploidy levels which also involve crosses between different species, and furthermore the reciprocal crosses often are not equally successful. One of the most remarkable cases is that of sugar cane (Saccharum officinarum L., 2n l 80) pollinated with maize (Zea mays L., 2n l 20j2B) which produced viable hybrids having 2n l 52.
In discussion of endosperm and embryo death and ovule abortion attention has been focused on cases where the embryo is relatively well developed before abortion, such as the early globular stage. This is because these cases are the easiest to observe yet also the most demanding of explanation. Failure often occurs at earlier stages and indeed ovule abortion may occur at various stages. Occasionally aborting ovules may develop beyond the stage described in the present paper, but in most cases even though the ovule is larger, the endosperm and embryo have died and epithelial cells have subsequently proliferated and filled the aborting ovule. This may also be induced by injecting auxin into ovaries with unfertilized ovules (Rietsema and Satina, 1959) .
Seed normality-the percentage of firm, healthy, normal sized seeds capable of germination as opposed to malformed seeds ranging from minute to normal size or larger but which shrivel when dried-is a very good measure of the crossability between species of Solanum when used carefully (Lester and Niakan, 1986 ; Lester and Hasan, 1991) .
Embryo de elopment and embryo culture
In Solanum and other Solanaceae, the zygote develops first into a proembryo, then passes through the globular, heart-shaped and torpedo embryo stages before the cotyledons finally elongate and grow into the endosperm, which is enclosed within the now enlarged integument or testa. At this stage the embryo becomes dormant and the seed ripens completely. Germination may be initiated under appropriate conditions of moisture, temperature etc. provided that any dormancy mechanisms are overcome. As the seedling germinates it digests and absorbs all the remaining food stores from the endosperm. Although emergence of the embryo as a seedling is the important final event, it is possible that the endosperm initially plays an active role in regulating germination (Toorop, Bewley and Hilhorst, 1996 ; Lester et al., unpubl. res.) .
Excision of fully developed embryos from unripe seeds and cultivation on nutrient media is relatively easy, but in ripe seeds the embryos may be dormant and hard to stimulate to grow immediately. Partly developed embryos are also easy to culture ; however they do not complete their development into mature and dormant embryos, but deviate and develop directly into seedlings. It is progressively more difficult to culture progressively younger embryos on artificial media. This suggests that the endosperm performs some special nutritive function that is not readily duplicated by artificial media, especially when the embryos are very young (Brink and Cooper, 1947) .
Embryo rescue, that is excision of a young embryo from a developing seed before degeneration of the endosperm and therefore the embryo, allows the obtention of interspecific hybrids, albeit with difficulty. However, once obtained, these hybrid plants are often vigorous and even relatively fertile, another indication that the usual abortion of such hybrid seeds is not due to lack of vigour of the young sporophyte, nor is it due to embryo dysfunction caused by lack of cooperation between the two genomes incorporated in it, but instead it may be a special discriminatory property of the endosperm.
Cytological changes during embryogenesis
Detailed microscopical studies of the normal development and interactions of both embryo and endosperm of Solanum nigrum have been reported recently by Briggs ( a, b, 1995 Briggs ( , 1996 who conducted careful investigations using both light and electron microscopy. Immediately after fertilization, the plasmalemma of the zygote secretes cell wall material thus separating it from the plasmalemmas of the endosperm cells. Nevertheless, the endosperm stays in close contact with the embryo until that develops to the mid-globular stage. Subsequently, first the endosperm cells adjacent to the chalazal end of the embryo, and then all those in the ' Zone of Separation and Secretion ' (Briggs, 1993 b) in the core of the endosperm, secrete fibrillar material that accumulates as a lipo-carbohydrate matrix. At the same time, cells in the genetically predetermined Zone of Separation dissolve their middle lamellas and separate from each other, although still fully alive and metabolically active, thus forming a channel and so positively making way for invasion of that zone by the elongating cotyledons as the embryo develops to the torpedo stage. Thus, the endosperm is not passively digested by the embryo as commonly supposed. At the late globular stage the embryo develops a thicker outer wall, and by the mid-torpedo stage the endosperm does likewise, so that these tissues are now more isolated from each other. However before this time it appears possible that the early stages of embryogenesis may be controlled by growth regulating substances passed to the embryo from the endosperm. Fundamental to the hypotheses elaborated in the present paper is the fact that the endosperm has its own rapidly changing metabolism necessitating frequent changes in enzyme systems, and therefore requiring repeated cycles of nucleic acid and protein synthesis and digestion and re-utilization of bases and amino acids. All of this requires active and delicate control which could be upset very easily.
Endosperm Balance Number (EBN ) in Solanum and Polar-Nuclei Acti ation (PNA)
It has long been realized that successful production of seed from interspecific hybrids depends not only on the compatibility of the two parental genomes combined in the F " hybrid embryo, but also in some way on the interactions between these genomes in the endosperm, and furthermore perhaps on interactions between the embryo and the endosperm, and possibly even also with the maternal sporophyte tissue in the ovules (Lopes and Larkins, 1993 ; Ehlenfeldt and Ortiz, 1995) . The following is a brief explanation of the EBN and PNA hypotheses which must be considered together with the hypotheses developed in the present paper.
As stated in the review by Katsiotis, Hanneman and Forsberg (1995) , Muntzing (1930) proposed that a ploidy ratio of 2 : 3 : 2 of maternal tissue : endosperm : embryo was necessary for successful seed development. Watkins (1932) considered the endosperm : embryo ratio most important, but Valentine (1954) favoured the maternal tissue : endosperm ratio, whereas Wangenheim (1957) suggested that endosperm function was autonomous. Subsequently, various scientists have maintained the importance of the 2 : 1 ratio of maternal : paternal genomes in the endosperm, as discussed by Katsiotis et al. (1995) . For wild potatoes, relatives of Solanum tuberosum L., the Endosperm Balance Number hypothesis was developed by Johnston et al. (1980) , in an attempt to maintain this 2 : 1 ratio yet also take account of success or failure of various interspecific crosses including those involving tetraploids and other ploidy levels. This EBN hypothesis has proved useful, both in achieving complicated interspecific hybridizations involving various ploidy levels, and also in postulating the possible evolution of wild potatoes throughout Mexico and South America (Hawkes and Jackson, 1992 ). However, not only are there some inconsistencies in this hypothesis, but also the criterion of success was relatively few normal seeds, and furthermore the histology of endosperm development was not considered (Katsiotis et al., 1995) . A concept similar to the EBN hypothesis has been developed for some cereals, namely the Polar-Nuclei Activation (PNA) hypothesis. This considers the extent to which the endosperm develops in response to activation of the two polar nuclei by fusion with the appropriate male nucleus. Endosperm development is expressed as the ' Activation Index ' which is the ratio of the ' Activating Value ' of the male nucleus to the ' Response Value ' of the egg nucleus or the two polar nuclei. This hypothesis has helped to explain crossability between various species of A ena as well as Triticum and Aegilops, including polyploids (Nishiyama and Yabuno, 1978 as cited in Katsiotis et al., 1995) .
The importance of the 2 : 1 maternal : paternal nuclear ratio in the endosperm has been proven in detail in Zea mays L. by fertilizing a diploid female plant with pollen from both diploid and autotetraploid plants to produce both triploid and tetraploid endosperms (Charlton et al., 1995) . The triploid endosperm develops normal transfer cells adjacent to the maternal placento-chalazal region, but the tetraploid endosperms do not, and soon degenerate. The normal development with the 2 : 1 maternal : paternal ratio, but failure with the 2 : 2 ratio, may be ascribed to one or more gametically imprinted genes that are probably regulatory and acting at an early development stage (Kermicle, 1971 as cited in Katsiotis et al., 1995 ; Lin, 1975) . A feasible model involving a regulatory protein composed of two polypeptides in appropriate proportions determined by the correct ratio of maternal and paternal genomes has been suggested by Charlton et al. (1995) . Evidence from potatoes suggests that at least two genes are responsible for the EBN system (Camadro and Masuelli, 1995 ; Ehlenfeldt and Hanneman, 1988 ; Johnston and Hanneman, 1996) . The evolutionary advantages of gametic imprinting of the endosperm rather than the embryo are clearly and logically explained by Charlton et al. (1995) .
In estigations of success and failure of Solanum hybrids
The main objective of the present study was to investigate the causes of abortion of hybrid embryos in developing seeds resulting from crosses between different species of Solanum, following on from the studies of Lester and Hasan (1991) .
MATERIALS AND METHODS
Materials used in this investigation were some of the accessions of the wild species Solanum campylacanthum Hochst. ex A. Rich. (taxon A) and S. incanum L. (taxon C) and primitive and advanced cultivars of the brinjal eggplant or aubergine, S. melongena L. (taxa G and H), as listed and used by Lester and Hasan (1991) , but did not include their taxa B, D, E or F. The provenance of the two parents of the hybrid discussed in detail in this paper were as follows (although many such combinations are likely to produce similar results) : BIRM\S.0859 S. campylacanthum (loc : Uganda, Kyambogo ; coll : R. N. Lester 6\9\69) Taxon A ; BIRM\S.1512 S. incanum (loc : Israel, Vadi Pereas ; coll : University of Jerusalem) Taxon C (not D ; Lester and Kang, 1995 ; Sakata and Lester, 1994) .
Plants were grown under ordinary glasshouse conditions in Birmingham, UK. For experimental pollinations, hermaphrodite flowers were emasculated and hand pollinated, carefully taking precautions to prevent unwanted pollinations. Fruit set or failure was recorded.
For studies of seed normality, fruits were left until fully ripe then all visible seeds or ovules were extracted, cleaned, dried and counted as normal or abnormal (i.e. small and not properly developed, or normal sized but apparently empty, or larger and fatter than normal but probably without embryos).
In order to study the reasons for the failure of interspecific crosses between taxa A and C, the ovaries were left for periods between 3 and 28 d after pollination (DAP), before dissection and preparation of the ovules. Very young ovules (0-14 DAP) were examined whole using Nomaski interference optics : older ovules (14-28 DAP) were fixed, dehydrated, embedded in wax, cut as complete series of microtome sections 20 µm thick, stained with Chlorazol black, mounted in Canada balsam and then observed microscopically (Kang, 1989) . It was extremely difficult to obtain good sagittal sections of the embryos. About five-ten ovules were examined from each treatment.
RESULTS
Differential incompatibility of reciprocal crosses of Solanum incanum etc.
Data on percentage fruit set and seed normality (with total sample sizes in brackets), abstracted from Lester and Hasan (1991) , are presented in Table 1 . Altogether 45 accessions were involved in this experiment (but it was not possible to attempt all combinations equally, and only one accession of each taxon was used as the female parent) : 625 pollinations were made, producing 210 fruits, and 36 822 seeds were counted. Success or failure of fruit set from each pollination was recorded. Within each fruit, the number of normal sized, plump seeds with normal embryo and endosperm was compared with number of abnormal seeds. Fruits apparently without seeds often result from crosses between distantly related Solanum species : it may be that the ovules begin to develop, and produce sufficient auxins to stimulate fruit development, but then abort and are not easily seen (Daunay, Lester and Laterrot, 1991) . Lester and Hasan, 1991) 
T  1. Percentage fruit set and seed normality, obtained from crosses between taxon A, Solanum campylacanthum, taxon C, S. incanum, taxon G, primiti e, and taxon H, ad anced culti ars of S. melongena (modified from
Total numbers of crosses attempted and seeds counted are given in parentheses.
Pollinations between accessions within taxon A (S. campylacanthum) were relatively successful yielding 53 % fruit set, and 72 % of the seeds were normal (Table 1) . However, all pollinations of taxa C, G and H as males onto taxon A failed to set any fruit (0 %), and therefore no seeds, whereas the reciprocal crosses yielded 39, 45 and 17 % fruit set and 3, 0 and 16 % normal seeds, respectively. (The 16 % normal seeds was the average of 1\1123 from eight fruits and 242\378 from one, possibly accidentally selfed, fruit.) Taxon C (S. incanum) provided similar results. Crosses within taxon C yielded 67 % fruit set and 94 % seed normality (Table 1) . However pollinations of taxa G and H onto taxon C gave only 26 or 23 % fruit set and 11 or 1 % seed normality, respectively, whereas the reciprocal crosses gave 46 or 14 % fruit set and 79 or 88 % seed normality, respectively.
Crosses within or between taxa G and H (S. melongena) gave similar average fruit set (33-50 %) and similar seed normality (69-95 %), although as the female parent taxon H produced higher seed normality (94 and 95 %) than taxon G (69 and 73 %) ( Table 1) .
A simple explanation of these results, which is in accord with phytogeographical information (Lester and Hasan, 1991) and chloroplast DNA evolution (Sakata and Lester, 1994 ) is as follows : Solanum campylacanthum (Taxon A) has evolved over many million years in East Africa, together with many other species of Solanum. Protection and conservation of species identity and prevention of wastage by unprofitable hybridization between different Solanum species has been achieved by the development of two main barriers. Although Solanum flowers are pollinated by polylectic bees and are therefore easily cross-pollinated, and there is little or no inhibition of pollen tube growth in styles of other species, interspecific hybrids are rare in the wild.
Post-zygotic failure and hence seed abortion, as discussed here, is the first and main barrier. If this barrier is overcome artificially, the hybrids produced are nearly always vigorous. However, they are usually more or less sterile due to failure at meiosis (Daunay et al., 1991) . This hybrid sterility is the second main barrier for most Solanum species, but is relatively insignificant between the taxa A, C, G and H discussed here, since all hybrids had at least 60 % stainable pollen, and vigorous back-cross progeny were produced from hybrids between even the least closely related parents (Hasan and Lester, 1990 ; Lester and Hasan, 1991) .
Results presented here (Table 1) show that taxon A from East Africa is a highly discriminating female parent not tolerating hybrid ovules resulting from fertilization by male gametes supplied by pollen from taxa C, G or H : no normal seeds were produced and no fruit was even set.
Taxon C (S. incanum) has almost certainly evolved from taxon A (S. campylacanthum), and spread from north east Africa into Arabian regions. It is slightly less discriminating as a female parent and a few normal seeds resulted from pollinations with taxa A, G and H (3, 11 and 1 %, respectively), and there was moderate fruit set (23-39 %).
Taxa G and H are, respectively, primitive and advanced cultivars of S. melongena which have been domesticated to different extents in south east Asia. Their wild progenitor probably shared a common ancestor with taxon C in north east Africa. Taxa G and H are much less discriminating as female parents than taxon C, let alone taxon A, and taxon H, which includes the most highly domesticated advanced cultivars, is the most tolerant, producing 16 and 88 % normal seed from crosses with taxa A and C, respectively, and 95 % with taxon G as against 73 % in the reciprocal cross.
It is obvious, therefore, that as female parents the series of taxa A, C, G and H show progressively less discrimination against fertilization by the other groups, and this sequence passes from ancient wild African species, through more recent and invasive species to very recently domesticated primitive and advanced cultivars. The original value of discriminatory mating that conserves, in wild species, genomes that are well adapted to specific environments is obvious, whereas migration to new habitats with few other Solanum species, compounded by the founder effect in small populations, and more especially by human selection for fecundity, have allowed and probably even favoured reduced discrimination. Thus the processes of evolution and domestication from ancestral S. campylacanthum via S. incanum to advanced cultivars of S. melongena have involved loss of the refined genetic controls characteristic of wild species ; this is a common phenomenon in the domestication process (Lester, 1989) . A similar situation occurs in wheat (Triticum aesti um.), where crosses with rye (Secale cereale L.) are more successful using wheat cultivars such as ' Chinese Spring ' from eastern Asia, far away from the centres of origin of wheat and rye in western Asia : the discriminatory mechanisms preventing hybridization between wild wheat and rye, controlled by several K r genes, have become non-functional (or recessive) in these eastern Asian wheat cultivars (Rui, Zheng and Fan, 1996) .
In estigation of causes of o ule abortion in Solanum incanum
Pollinations within taxon A (S. campylacanthum) produced some fruits, but taxon A cross-pollinated with taxon C produced no fruits ; indeed the flowers dropped within a few days, so no further investigations were possible. Pollinations within taxon C (S. incanum) produced some fruits (21\40), as did taxon C pollinated with taxon A (12\24). Time did not allow examination of seed normality, but Lester and Hasan (1991) reported 94 and 3 %, respectively, for similar intra-and inter-specific crosses (Table 1) .
Normal o ule de elopment
Microscopic examination of ovules from self pollinated taxon C showed normal development at all stages, as would be expected. At 28 DAP (Fig. 1) the embryo was at the midglobular stage. All cell contents were densely stained and so it was difficult to discern the small cells, but there were about 40. The embryo was situated within the endosperm at the micropyle end, apparently in a cavity filled with liquid which did not stain. There was a short suspensor of about five elongated lightly-stained cells. Even after 28 d development, the S. incanum embryo was still remarkably small whereas S. nigrum L. only takes about 10 d to reach this stage . Different parts of the endosperm were at different stages of cell division, enlargement and vacuolation. There was a peripheral layer of cells with dense cytoplasm and obvious nuclei. Immediately surrounding the embryo were many cells with dense cytoplasm, but further away were increasingly larger, more highly vacuolated cells. All nuclei were normal in size, densely stained and often in the middle of intact cells. The endothelium around the endosperm, and the surrounding thick integument composed of many small thin-walled, highly vacuolated cells with clear nuclei in the peripheral cytoplasm, were normal.
Abnormal de elopment in hybrid o ules
Ovules from taxon C (S. incanum) pollinated with taxon A (S. campylacanthum) taken 14 DAP showed normal development, however at 28 DAP (Fig. 2) they were very different from the self pollinated ovules described above. The cells of the endosperm were extremely irregular in size and shape. Virtually no nuclei or cell contents were visible in any of the serial sections, but the perimeter of the endosperm was vaguely stained, especially near to the chalaza. The embryo sac was grossly distorted and irregular, and no evidence of any embryos was discovered despite diligent searches of serial sections from more than ten ovules.
Subsequently ovules were obtained 22 DAP from two crosses and ten were sectioned. In all of these the endosperm cells were very irregular in size and shape, and very few had definite nuclei and cell contents (NB. once fixed and embedded, nuclei and cell contents cannot be lost during sectioning.) Very few traces of embryos were found in nine of these ovules, possibly due to the technical difficulties of obtaining sagittal sections, but in one a well formed embryo at the early to mid globular stage, 0n10 mm long, was found in perfect sagittal section (Fig. 3) . Most of the cells of this embryo had clear and well stained nuclei and cytoplasm, but about seven cells lacked stainable nuclei or other contents. All of these cells were situated apically, adjacent to the degenerate endosperm. Since cells cannot be formed without nuclei, and there was no trace of such nuclei in adjacent sections, it may be deduced that these seven cells of the embryo as well as all the cells of the endosperm must have had nuclei at an earlier stage but they had subsequently been digested. It appears, therefore, that development of the endosperm (and embryo) must have been normal initially, with more or less regular divisions of nuclei and formations of cell walls. However, at some stage and for some reason, digestion of the endosperm nuclei and cell contents started : by 22 DAP this had affected virtually all of the endosperm cells and about seven of the embryo cells in this ovule (Fig.  3) , and by 28 DAP almost no nuclei or cell contents of the endosperm were visible and no trace was left of the embryo in any ovules (Fig. 2) .
DISCUSSION
Hypothesis of regulated biochemical changes in the endosperm, controlling proper de elopment of the proembryo and embryo, as well as of the seed and fruit, after normal fertilization, but loss of control in interspecific hybrids
In many organisms, especially mammals, the development of the embryo is subject to endogenous control from a very early stage. The maternal cytoplasm in the egg cell, which contains messenger RNA transcribed before the fusion of gametes, may control the earliest biochemical development and hence cytological and anatomical development of the zygote, but very soon it is the diploid nuclei that determine and mediate proper development of the embryo, with relatively little interference from extraneous sources (Cohen and Massey, 1982) . A similar situation has often been assumed to occur in the case of angiosperm embryos, but there is much contradictory evidence. The maternal cytoplasm may have some initial influence on the biochemical and cytological development of the zygote and its products, but subsequently it seems possible, and even likely, that the endosperm controls early development of the embryo. In contrast to generally accepted views (Brink and Cooper, 1947) , the endosperm may not merely be a conducting system for nutrition obtained through the chalazal region, or a store of food for the embryo to utilize before, during or after its period of dormancy in the seed. Rather, the endosperm may actively control the growth and differentiation of the developing embryo as well as the neighbouring organs and tissues of the ovule, carpel etc. by supplying them with appropriate growth regulating substances or other messenger molecules at appropriate times during their development (Maheshwari and Rangaswamy, 1965) .
Although, as yet, there is very little concrete evidence to support the hypothesis that the endosperm controls morphogenesis of the embryo, the simplest explanation of the peculiar phenomena related in the present paper and illustrated in Fig. 3 would be that the endosperm does indeed control morphogenesis of the embryo at each stage of its development from proembryo, through growth and partial differentiation until at least the globular stage. The scenario might be as follows : in most flowering plants, the triploid endosperm nucleus is formed from two maternal nuclei and one paternal nucleus. This endosperm nucleus generally divides to produce tens or hundreds of nuclei even before gametic fusion produces the zygote ; thus, development of the endosperm is initiated before that of the embryo (Brink and Cooper, 1947) . Although hybrid embryos and endosperms may fail at almost any stage, the cases considered in detail here (Fig. 3 , and also the ' ghost ' embryo of Rietsema and Satina, 1959, Fig. 64c ) are particularly enlightening. In these cases, even though the early stages of development may have proceeded normally, about 3 weeks after pollination, at the early globular embryo stage, first the endosperm and then the embryo degenerate due to autolysis of the endosperm that spreads to, and thus destroys, the embryo. This might be explained in the following way : if the normal development of the embryo is controlled by the endosperm, then at each of many stages the endosperm would be producing appropriate but different growth regulators or other messenger molecules as well as food substances. The biosynthetic pathways to produce these molecules depend on enzymes, and different enzymes will have to be produced at different stages. Thus for each stage, new enzymes are produced and the old ones broken down into their constituent amino acids ready for reassembly. Likewise new molecules of messenger RNA are produced and the old ones are broken down into their constituent bases ready for reassembly. The breakdown processes involve proteases and nucleases. For embryo development to be dynamic and rapid, the turnover of messenger RNA and the translated protein enzymes, and also the production and control of nucleases and proteases must also be so. This requires very delicate biochemicalgenetic control, and obviously there can be strong natural selection for the evolution of well integrated genomes providing this control rapidly, precisely and efficiently. However, under different environmental conditions, different species may have diverged at least in the timing and strength of their control mechanisms. If interspecific hybrids are produced, artificially or naturally, then the different control mechanisms from both parents are mixed within the same endosperm nuclei. If these mechanisms are incompatible, then it may be that proper control of the production and location of these nucleases and proteases is lost, and there may be both overproduction and spillage of these enzymes, thus causing unwanted digestion of the nuclei and other cell structures, first in the endosperm and then in the embryo, as observed here. If loss of control happens at an earlier stage, then even less development of endosperm and embryo would occur. Excessive development of the endothelium, as well as the testa, probably due to excess production of auxins, which may result in giant seeds without embryos or endosperm (Rietsema and Satina, 1959) , can be explained in a similar way. Even the failure to differentiate conductive tissue between the vascular bundle in the funiculus and the chalazal pocket might be due to inappropriate balances of auxins in this region. It seems that attributing death of hybrid embryos to malnutrition due to failure of the endosperm to compete with the endothelium and other maternal sporophytic tissues for the available food resources, as proposed in the Somatoplastic Sterility Hypothesis, is an inadequate explanation. However, more research is needed to develop the ideas presented here and integrate them with those of Endosperm Balance Number, Polar-Nuclei Activation, and gametic imprinting of the endosperm (Charlton et al., 1995) .
CONCLUSIONS
Relatively little is known of the roles played by the endosperm in normal development of embryos from zygotes in flowering plants, but observations of failures of embryos and endosperms in interspecific hybrids and other situations have shown that proper endosperm development and function are essential to successful growth and development of young embryos. Most workers (e.g. Brink and Cooper, 1947) have emphasized that the endosperm must be the route of supply of food from the chalaza of the maternal sporophyte to the young embryo which has no food reserves of its own. Others (e.g. Maheshwari and Rangaswamy, 1965) have discussed the production of growth regulating substances by the endosperm which affect the growth of not only the ovule but also the ovary and other organs. However, until very recently there has been little suggestion that the endosperm may directly regulate embryogenesis at least during the early stages ; some supporting evidence is provided here, albeit mostly circumstantial. The present observation of cells without nuclei in hybrid endosperm and the adjacent part of an embryo is here suggested to be the result of digestive enzymes, which are essential to the turnover of nucleic acids and enzymatic proteins in rapidly changing metabolisms, being produced excessively when the control of biosynthesis is not properly coordinated by hybrid nuclei having genetic imbalances. Some concrete evidence supporting this hypothesis has been provided recently by electron microscopy (Briggs, a, b, 1995 (Briggs, , 1996 , but additional evidence resulting from DNA and protein analysis is still needed, and such studies will probably also answer many other basic questions in developmental biology.
